ABSTRACT: The purpose of this study was to assess the spatial variability of residual soil nitrate, measured in three contiguous 16 ha fields. Available data for residual soil nitrate were examined using conventional statistics. Data tended to be skewed with the mean greater than the median. Geostatistical methods were used to characterize and model the spatial structure. Three dimensional spatial variability was examined using two semivariograms: horizontal-spatial and vertical. Two dimensional horizontal-spatial semivariograms were also computed for each 0.3m (lft) layer. Semivariogram analysis showed that there were similarities in the patterns of spatial variability for all fields. The results suggest that the spatial patterns in residual soil nitrate may be correlated with irrigation practices. Furthermore, a trend was found to be present along the vertical direction, which may be related to the time of sampling.
INTRODUCTION
Nitrate contamination in groundwater is often related to nitrogen fertilizer applied in excess of crop needs. Residual soil nitrate is frequently the largest source of inorganic N available to crops. The amount of nitrate in the soil profile is important for determining a fertilizer nitrogen recommendation that ensures sufficient nitrogen for crop production as well as preventing potential groundwater problems.
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time (Bouma and Finke 1992) . It is an outcome of many processes acting and interacting over a continuum of spatial and temporal scales. Nitrate is a mobile nutrient, also, soil resource and meteorological variability obscures the contemplation of its spatial structure. For example, soil nitrate concentrations from individual samples are usually quite variable, in addition, the non-uniform distribution of irrigation water complicates the issue.
Classical statistical procedures have traditionally been used to assess the variability of various properties in soils (Biggar et al., 1973; Biggar and Nielsen 1976; Bresler 1989) . The use of these techniques assumes that observations in the field are independent of one another, regardless of their location. However, there is a significant volume of literature in various disciplines such as geology (Davis, 1986; Journel 1989) , mining (Guaracio et al., 1975; Isaaks and Srivastava 1989; Journel and Huijbregts 1978) and soil science (Beckett and Webster 1971; Dahiya et al., 1984; Bhatti et al., 1991) , which shows that variations in geologic properties tend to be correlated across space. Thus, the classical methods may be inadequate for interpolations of spatially dependent variables, because it assumes random variation and does not consider spatial correlation and relative location of samples.
The geostatistical approach has received increasing attention in science and engineering during the last decade (Kalinski et al., 1993; Tabor et al., 1985; Berndtsson et al., 1993; Jury et al., 1987; Mulla 1988; Ovalles 1988; Rolston et al., 1989; Sutherland et al., 1991) . The primary reasons for the adoption of geostatistics in various fields are that this methodology (1) provides an estimate for the minimum distance for the spacing of independent samples, (2) provides a basis for an efficient monitoring program from an initial reconnaissance survey, (3) allows the quantification of unbiased measurements of location and spread, (4) furnishes optimal, unbiased estimates of regionalized variables at unsampled locations, based on neighboring data, and (5) can also be used to characterize associated uncertainty using geostatistical simulations.
To date, we are not aware of any attempts to characterize the spatial variability of the residual soil nitrate using three dimensional spatial statistics. This information is necessary since the spatial variability in residual soil nitrates has been considered a major factor associated with inherent leaching of nitrate in many production agriculture situations.
The primary objective of this study is to measure quantitatively the spatial variability of residual soil nitrates in three fields. The hypothesis is that the variability of residual soil nitrate in a field contributes to the variability of leaching to the groundwater from the available soil-N pools. The analysis conducted in this study will be further utilized in the modeling of nitrate contamination to groundwater. The eventual goal of the project is to explore variable rate application methods by relating residual soil nitrates and other parameters to the amount of nitrate leaching to groundwater using geostatistical simulation and transport models.
METHODOLOGY
Samples from three contiguous 16 ha fields with differing management histories were used to determine the spatial variability of residual soil nitrates (Peterson and Schepers, 1992) . Two fields are 396m x 426m, and one fields is 365m x 426m. Field data consist of residual soil nitrate measurements at each location on a 30.5m x 30.5m (100ft x 100ft) grid with a spacing of 20-40m from the boundaries. At each grid location, a single 5 cm (2-inch) diameter, 1.5m (5 ft) long soil core was collected and divided into 0.3 m(1 ft) increments. Hence, each layer in three separate fields contained 156, 156, and 143 points respectively. Each sample was analyzed separately and the results are reported as nitrate-nitrogen in 0.3 m (1 ft) depth increment. The data for each point were used to study the 3-dimensional and 2-dimensional spatial continuity of the residual soil nitrate.
Classical statistical parameters such as the mean, the standard deviation and the coefficient of variation were calculated for each layer. Statistical parameters for the overall three dimensional data sets (vertically averaged over core), as well as for profile (vertically integrated nitrate content for each hole), were also calculated.
Structural analysis of the field data was used to evaluate the semivariogram function using programs from GSLIB (Deutsch and Journel, 1993) . Semivariograms (Journel and Huijbregts 1978) were used to examine the spatial dependence between measurements at pairs of locations as a function of distance of separation. Three dimensional spatial variability was examined for each of the fields using two semivariograms: horizontal-spatial semivariogram and vertical semivariogram. The semivariogram for horizontal spatially related data identifies the variability due to distance and is combined for all the depths. However, the vertical semivariogram describes the variabilities due to depth irrespective of horizontal location. Hence, for the available data set of each field, two semivariograms were constructed.
Two dimensional horizontal-spatial semivariograms also were calculated for each layer, that is for each 0.3 m (1 ft) layer, resulting in 5 different semivariograms for each field. Furthermore, a 2-dimensional horizontal semivariogram also was prepared for the vertically integrated nitrate content at each sample location.
In order to explore anisotropies, directional semivariograms were calculated for each field in the horizontal spatial direction, keeping the direction of the vertical dimension constant. They were prepared using the concept of layers, in which semivariograms were calculated in different spatial directions, by restricting the search window in the vertical dimension.
RESULTS AND DISCUSSION
Residual soil nitrate in the profile was highly variable, ranging from 64 to 650 kg/ha (57 to 580 lbs/acre) with a mean of 192 kg/ha (173 lbs/acre). Table 1 shows the statistical parameters for the three fields. For each layer, data tended to be skewed with the mean greater than the median. The general trend was toward an increase in the values of coefficient of variation and a decrease in the values of residual soil nitrogen with increasing depth. For overall 3-dimensional measurement values, the distribution of data was skewed with large coefficient of variation. The horizontal-spatial semivariograms are shown in Figures la, 2a and 3a for the three fields. The semivariograms for all three fields have similar shapes. Theoretically, the semivariogram should pass through the origin when the distance is zero. However, all sample semivariograms appeared to approach non-zero values as distance decreased to zero, indicating the presence of a nugget effect.
The vertical experimental semivariograms and the models fitted are shown in Figures lb, 2b , and 3b. The maximum distance considered in the computation of the semivariogram cannot exceed half the maximum dimension of the field, (i.e. 0.75 m) for the vertical semivariogram (Journel and Huijbregts, 1975) . Thus, only the first two values of the vertical semivariogram are reliable. All vertical semivariograms do not reach a sill, indicating a trend in the property studied. If the information contained in the semivariogram is to be used for kriging at unsampled locations, the trend may need to be removed, or universal kriging may be used. A reason for this trend is most probably related to the presence of high amounts of residual soil nitrate in the surface layer. Figure 4 shows the average amount of nitrate-N in each layer for the three fields. Significant differences between the top layer and subsequent layers may be related to the time of sampling. The results probably exhibit the influence of temporal dynamics due to the spring sampling of the fields. This may be because high mineralization and almost no precipitation/irrigation occurred at the time of sampling of these fields. For this reason, two different types of theoretical models were fitted to the vertical semivariograms; power and spherical models. If the data are to be used for simulation purposes, then the power model may not be used, and hence, another model should be used.
Fitting a model to the experimental semivariogram is a significant step in the geostatistical analysis. It is important to select an appropriate model for the semivariogram because each model yields different values for the nugget effect and range. A satisfactory fit to the sample variogram was accomplished by the trial and error approach as described by Isaaks and Srivastava (1989) . Due to resource constraints only omni-directional horizontal spatial semivariograms and vertical semivariograms were fit to the sample variogram for each field. Table 2 provides the values of semivariogram models for the above mentioned cases. Parameters for the two types of theoretical semivariograms for the vertical direction also are provided in Table 2 . Good agreement was obtained between calculated semivariogram values and the corresponding models, as shown in Figures 1, 2 , and 3.
The range values for horizontal-spatial semivariograms showed considerable variability among the fields: the scale of horizontal-spatial correlation varies from about 150 m to 244 m (500 ft to 800 ft). The range of the semivariogram model for Field 1 was significantly larger than for the other two fields. In the vertical direction the range varied between 1.5 m to 3 m (5 ft to 10 ft). There was two orders of magnitude difference between the ranges of horizontal-spatial and vertical dimension. This represents a system in which the vertical plane is much smaller in scale than the horizontal plane. A typical approach employed for this system is to examine the transport process locally as a vertical one-dimensional flow perpendicular to any layering in the medium (Jury et al., 1987) . The complete structural analysis for both the horizontal-spatial dimension and the vertical dimension represents a combination of geometric and zonal anisotropy. The complete structural analysis of hydraulic properties for both dimensions may show the same pattern.
There were no data available for lag distances less than 30 m (100 ft) in the Range (m) 1.5 1.5 1.5 ** numbers in parenthesis refers to nested structures 1 and 2.
horizontal-spatial direction; hence, the nugget effect was estimated by visual inspection. There appears to be two different values for the nugget effect in the horizontal and the vertical directions for Field 1. The small nugget effect of the vertical semivariogram may be detected because of the small spacing between data points in the vertical direction. See Figures la and lb.
Spatial variability can also be investigated using the semivariogram and the relative nugget effect, that is the ratio of nugget to total semivariance expressed as percentage. A ratio less than 25 % indicates strong spatial dependence, between 25 % and 75 % indicates moderate spatial dependence, and greater than 75 % indicates weak spatial dependence (Cambardella 1994) . The horizontal-spatial semivariograms may be described as having moderate spatial dependence for residual soil nitrate. However, if one considers the spherical model for vertical semivariograms, then the vertical semivariograms may be characterized by strong spatial dependence; exhibiting ratios of less than 25 %. Strong to moderate spatially dependent structures may be controlled by intrinsic and extrinsic variations as well as seasonal variations.
Two dimensional horizontal semivariograms are shown in Figures 5, 6 , and 7. These semivafiograms are calculated individually for each layer and also for the profile (i.e. the sum of amounts in all layers for each grid location), without any regard to the vertical dimension. If one compares the form of spatial variability of each individual layer with that of a profile, it is obvious that the form of the structure is similar to the top layer, indicating that the top layer structure is representative of the overall spatial structure. The large impact of the top layer semivariogram on the profile semivariogram is due to the larger variance of residual nitrate concentrations in the top layer relative to other layers (see Table 1 ). As a result, if one has to measure the field again or measure other fields with a similar structure, it may be appropriate to assess each location to a depth of 0.3m (1 ft) and then sample every fourth or fifth location at lower depths. However, classical statistics reveal high coefficient of variation values for the deeper layers as compared to the first layer. Further analysis is necessary to determine an ideal sampling approach.
There was less nitrogen in the soil profile in the third field, and there was less variability in samples from different layers of this field, as compared to the other two fields. However, overall (vertically averaged over core) sample variability was the same or higher (see Table 1 and Figures 3 and 7) . Further investigation indicated that this field received more irrigation water in the previous two years than the other two fields. It is probable that the excessive application of irrigation water leached much of the nitrate from the profile and reduced the amount and spatial variability of residual soil nitrate.
Six directional semivariograms were calculated for each field. All directions corresponded to rotations in the horizontal plane only. The directions considered were North, N30E, N60E, N90E, N120E, and N150E, with azimuth half tolerance of 45 degrees. Directional semivariograms are presented as a contour map of the sample variogram surface (planimetric form) in Figures 8, 9 , and 10 for Fields 1, 2, and 3, respectively. The values contoured are the semivariance in every direction to a distance of at least 200 meters, with a contour interval units in (kg/ha) 2. Differences between direction-dependent semivariograms for the fields studied could be the result of the differences in geology, topography, and/or management of the area.
In this case it is speculated that these significant effects of north-south and east-west directions across each field were largely due to the irrigation pattern in the fields. These fields were surface irrigated with water being distributed on the west side of the field. Hence, residual soil nitrate appears to follow trends in irrigation water supply. The variogram surface in the east-west direction is more continuous Contour interval presence of anisotropy. However, this can be classified as a mild case of geometric and zonal anisotropy case which is apparent in all three fields at larger distances.
SUMMARY AND CONCLUSIONS
Geostatistical analyses showed that residual soil nitrates in three fields were spatially structured. This spatial structure is important to consider, both for fertilizer application and for evaluation of potential pollutant transport to the groundwater. The apparent spatial variability in the residual soil nitrate has the potential to seriously limit the efficiency of fertilizer application according to traditional practices. Conventional statistical analysis showed that the residual soil nitrate in the profile was variable, ranging from 64 to 650 kg/ha (57 to 580 lbs/acre) with a mean of 192 kg/ha (173 lbs/acre). Data tended to be skewed with the mean greater than the median.
Geostatistical techniques offer alternative methods to conventional statistics for the estimation of parameters and their associated variability. Three-dimensional semivariograms were calculated for each field. Two different semivariograms were also calculated for each field, horizontal-spatial semivariogram and vertical semivariogram. In addition, two dimensional semivariograms were prepared for each layer. Finally, six directional semivariograms also were calculated for each field.
Semivariogram analysis demonstrated that there were similarities in the patterns of spatial variability for the three fields. This may suggest that spatial relationships derived from one set of measurements for one field, may have applicability at other field sites. Since spatial structures are influenced by the scale of the investigation, it remains to be seen whether or not this approach will be useful for extrapolating spatial information obtained at the field-scale to the watershed or regional scale.
The 3-dimensional and 2-dimensional semivariogram analysis resulted in similar structure and form for all three fields. Three dimensional horizontal-spatial semivariograms showed that for all three fields, the range was about 120 to 245 m. In the vertical direction the range varied between 1.5 to 3m (5 to 10 ft). The complete structure for both the horizontal-spatial dimension and the vertical dimension represents a combination of geometric and zonal anisotropy. The complete structural analysis of hydraulic properties for both dimensions may show the same pattern. Three-dimensional vertical semivariograms also displayed a significant trend which may be related to conditions at the time of data collection.
The nugget values expressed as a percentage of the total semivariance defines different classes of spatial dependence. Horizontal-spatial semivariograms indicated moderate spatial dependence, while the vertical semivariograms were characterized by strong spatial dependence, exhibiting ratios less than 25%. Strong to moderate spatially dependent structures may be controlled by intrinsic and extrinsic variations as well as seasonal variations.
The two dimensional analysis showed a strong spatial pattern in the top layer, which is displayed in the overall structure of the 2-dimensional semivariograms. The analysis further revealed that the soil nitrates at 0.6m to 1.5m (2 to 5 ft) depths may be sampled without a great sensitivity to location with a resulting similar variance. Direction-dependent semivariograms showed that residual soil nitrates apparently followed trends in irrigation water supply. This pattern resulted in high variability in the direction perpendicular to irrigation water flow.
The structural information can be useful in the management of production agriculture systems in which variable rate application of nitrogen can be used to increase production and reduce the risk of groundwater contamination. The balance between crop uptake rates and residual soil nitrogen can also lead to a more costeffective fertilizer application rates without increasing the risk of groundwater pollution.
